Multivariate statistical techniques were used on data from two cruises to Gulf Stream warm core rings to reveal patterns and relationships between phytoplankton species abundance and environmental parameters. Principal component analysis (PCA) was performed on each cruise separately and on the combined data to help delineate groups of stations, depths, and species. A ring center station with high numbers of diatoms and a Slope Water station formed separate groups. Deep samples from all the stations grouped together. We consistently observed strong similarities in phytoplankton abundance and species composition between fall samples from the two rings. Inverse analysis was performed using presence or absence data, and the values of the first three principal components were then used in a cluster analysis to determine species co-occurrences. This analysis resulted in separate groupings of a large number of diatom species found at the center of the rings, of deep species, and of the most abundant and the most frequently observed taxa.
Northward meanders of the Gulf Stream can result in warm core, anticyclonic rings whose effects can reach to the sea floor (Weatherly and Kelley 1985) . The core, an 18°C isostad, is considered to be Sargasso Sea water, bordered by a higher velocity current composed of Gulf Stream water (Joyce and Wiebe 1983) . The entire ring is embedded in Slope Water and usually moves in a southwesterly direction, so that the phytoplankton is carried with the ring out of its original environment into new temperature and nutrient regimes. This bowl-shaped body of water influences and is influenced by the surrounding Slope Water and the indigenous species there in a dynamic way, and phytoplankton changes in days and even hours have been noted Fryxell et al. 1985) .
Phytoplankton from two Gulf Stream warm core rings of different ages has been compared as to abundance and taxa (Fryxell et al. 1985) , and these same two rings are examined here. One ring was in the process of "pinching off" from the Gulf Stream when it was studied in 1982; we call it meander/ ' This research was supported by NSF grants OCE 8 1-O 1785 and OCE 85-03984 to G.A.F. and by a University Sea Grant Marine Fellowship to R.W.G.
WCR 82-H. The other, WCR 8 l-D, was 3 months old when sampled during cruise 110 of Atlantis II in 198 1: Both rings were visited during September-October but in consecutive years. The forming ring showed a great deal of uniformity in distribution of the phytoplankton; the older ring had more stratification of species (possibly vertical patches, not strata : Venrick 1984) with rapid change of the flora through advective processes. As a general statement, dinoflagellates were more abundant in the high velocity region (ring edge) and at the Slope Water station, whereas diatoms and coccolithophorids responded opportunistically to overturns from storms in the ring center.
Our major objective here is to examine relationships at the phytoplankton community level by using a multivariate analytical approach. Such an approach can test hypotheses, simplify and clarify structure that is apparent in the data set but is difficult to extract and interpret, or reveal structure that would otherwise be overlooked or misinterpreted. We are attempting to reveal and clarify structure, but some hypothesis testing comes into play in the regression analyses, where explicit models for the dependent variables are required. Although phytoplankton data are commonly orga-951 nized on chronological axes, natural groups do not necessarily conform to this imposed structure (Allen and Koonce 1973) , and, by comparing rings during succeeding fall seasons, we hope to avoid differences that are purely seasonal. We thank T. M. Joyce for providing the CTD temperature and salinity data used in Fig. 3 and D. R. Kester and M. F. Fox for sharing their nutrient data. D. L. Mackas and T. F. H. Allen provided reviews that increased the depth and clarity of this article.
Methods
Data collection -Water samples were collected from six or nine depths (about 100, 60, 36,22, 8, 3, 1,0.3 , and 0.1% of incident light) from five stations in WCR 8 1 -D and six stations in or near meander/WCR 82-H in the northwest Atlantic Ocean. Stations and methods are given by Fryxell et al. (1985, table 2) . Other published work on these cruises was reported using the Julian calendar: 1 October was Julian day 274 in both years.
Data analysis-Ordination consists of plotting n points (observations) in a space of fewer than p dimensions (where p is the number of variables), in such a way that most of the important features of the p-dimensional pattern are retained (Pielou 1969) . Ordination allows us to visualize patterns of multidimensional distribution and helps to determine the major components of variation in a data set. It is an appropriate technique when there are low levels of variation and when the changes between samples are gradual, not disjunct (Greig-Smith et al. 1967; Mackas and Sefton 1982) .
Principal component analysis (PCA) explains the variance-covariance structure of a few linear combinations of the original variables. Algebraically, PCA is a set of linear combinations of the original variables with coefficients (loadings) given by the eigenvectors of the correlation or covariance matrix. Geometrically, these principal component axes result from the rotation of the original coordinate system to select a new one representing the directions with maximum variability.
PCA transforms the original correlated variables into orthogonally rotated uncorrelated variables. The important features of the p-dimensional pattern are maintained because a small number of eigenvalues add up to most of the total variance.
Several advantages of using PCA are that it helps delineate relationships that are not easily interpreted without reducing dimensionality, and in developing principal components the assumption of multivariate normal distribution is not required (Johnson and Wichern 1982) . Arguments for using PCA to examine variation in marine phytoplankton communities are summarized in Matta and Marshall (1984) . We will use PCA as an ordination technique to understand intra-and intercruise variation in two fall rings. The two major purposes in applying PCA to the data of Gulf Stream WCR 8 1 -D and meander/WCR 82-H are: to find groupings of stations (and thus entire columns of water) or depths (and thus similarities horizontally in strata) in space and time and to find groups of species that appear to function in a similar manner, or at least show covariance in abundance. PCA can also find co-occurring species groups when presence or absence data are used in the analysis.
When the number of taxa observed (organisms identified to species when possible; 256 taxa in 1981 and 195 in 1982) exceeds the number of samples (42 in 198 1 and 5 1 in 19 8 2) a matrix results that has no unique inverse. We used three methods on the cell counts from settled water bottle samples to reduce the number of variables (species) included in the analysis and to facilitate interpretation of results: classification of the phytoplankton into four major divisions (diatoms, dinoflagellates, coccolithophorids, and other algae); utilization of the 15 most abundant species observed; and selection of the most frequently observed species (occurring in at least 10% of the samples: 100 species) when inverse analysis was performed. By such selection, we could avoid the problem of including rare species that can increase variability and add noise to the correlation matrix because of inadequate counting accuracy . Including rare species maximizes difficulties related to sampling instead of giving evidence of actual differences in the community composition. Nonlinear covariance can also complicate interpretation of PCA results by adding "extra" component axes to compensate for a nonlinear response in phytoplankton abundance to a linear environmental gradient. All PCA computations were done with the Statistical Analysis System (SAS) and are based on the correlation matrix. This assigns equal weight to all species, in contrast to a covariance matrix that puts most weight on the most variable species.
Canonical correlation is a technique used for studying interrelationships between two sets of variables. It extends simple correlation for relating two variables and multiple correlation for relating a single variable to a group of variables. In this case, two sets of variables are examined for interrelationship, a set of environmental variables (X set) and a set of phytoplankton group abundance variables @ set). Algebraically, canonical correlation consists of finding linear combinations of the two sets of the original variables such that the simple correlation between the transformed variables, V and W (V= U&i, W= biyi), is maximized. The value of the maximum possible Pearson product-moment correlation is known as the first canonical correlation, the value of the next greatest product-moment correlation after the variables have been rearranged into a new linear combination is the second canonical correlation, V and W are known as canonical variates and a and b constitute the two sets of canonical coefficients. Each variate is a weighted sum of the raw variables, with the canonical coefficients as weights. The coefficients are analogous to the partial regression coefficients in a multiple regression analysis (Gittins 1979) .
A brief summary of some of the advantages and drawbacks to canonical correlation analysis may be helpful. The major benefit from canonical correlation analysis lies in its ability to assess relationships between two or more sets of variables of ecological interest, without disregarding information on interrelationships within the response set. Canonical correlation looks for the highest linear correlation between the transformed variables; it cannot detect nonlinear relationships. It is similar to multiple regression in that the magnitude and sign of the canonical coefficients can be used as an indication of the effect and direction of certain variables.
Instability in the canonical weights (coefficients) arises from factors such as multicollinearity between variables within one of the domains, measurement error, and inadequate sample size. The problem of multicollinearity, a high degree of correlation between independent variables within one (or both) of the measurement domains, is most intense when the determinant of the within-set correlation matrix approaches zero. In the presence of multicollinearity, the canonical weights are unstable and depend to a great extent on the observations used in the analysis; addition or deletion of a few observations greatly changes the values of the canonical weights, possibly even reversing the sign. Although multicollinearity can be eliminated by an orthogonal transformation of the variables before analysis, the results of the subsequent canonical analysis are often difficult to interpret. Alternatively, an increase in sample size can alleviate multicollinearity problems (although rather inefficiently), as can the elimination of one or more of the variables causing the problem (Gittins 1979) . As nitrate was found to be correlated with several other environmental variables, it was removed from the analysis.
The effect of measurement error is difficult to assess, but the effect of sample size is a bit more amenable to interpretation. One way to determine the adequacy of the sample size is to examine the v : s ratio (number of variables/number of samples). Gittins (1979) suggested that a v:s of 0.05-0.07 is appropriate. In our analysis there were eight variables and 84 observations, yielding a v : s of 0.095 which is close to, but slightly greater than, the optimal range. As the total number of variables in the two domains approaches N (sample size), the canonical correlation, r, rapidly approaches Fryxell et al. (1985) . A. Symbols represent stations from WCR 8 1 -D (198 1): A-23 September, ring center; B-26 September, A.M., ring center; C-26 September, P.M., ring center; D-27 September, high velocity; E-2 October, ring center. And from WCR 82-H (1982): F-29 September, meander center; G-1 October, meander center; H-3 October, meander center; I-6 October, Slope Water; J-7 October, ring center; K-14 October, ring center. B. Symbols represent relative depth, with 1 the shallowest and 9 the deepest sample at a 1. We have attempted to reduce the instability in the coefficients as best we could, by reducing multicollinearity and by choosing an appropriate number of variables for the analysis.
The canonical analysis represents a compromise between maximizing between-set covariation and minimizing within-set variation, and the coefhcients themselves vary according to the variables used and their scales. The scaling effect can be removed by standardization of the variables, as in 0t.R analyses, to unit variance.
An examination of the squared correlation between original variables and canonical variates provides useful information. If individual within-set squared correlations are examined, we can assess the proportion of the total variance of a single variable that is directly associated with its canonical variate. If we compute an average r2 for the domain, we can estimate the proportion of the total variance of a set of variables associated with their canonical variate (extracted variance). Individual interset correlations are very similar to multiple correlations; the square of an interset correlation specifies the proportion of the variance of a variable that is accounted for by a canonical variate of the other domain. Finally, redundancy is the proportion of the total variance of a set of variables predictable from a linear combination of the variables in the other set (Gittins 1979) .
Simple correlations, multiple regressions, and canonical correlation analyses were performed to determine how the abundances of the four major phytoplankton groups are related to nutrient data.
Results
Our results are broken into five sections based on the analytical technique used. Sections one through three use PCA with dif- The sample groups are subjectively circumscribed to help visualize patterns. Group 1 consists of the shallowest six samples from the Slope Water station on 6 October 1982; group 2 includes a variety of stations and depths from both rings; group 3 consists mainly of the deepest three samples from many of the stations; group 4 contains the shallowest six samples from the first two ring center stations in WCR 8 1 -D; group 5 consists of the upper five samples from 2 October 198 1, the ring center station after a storm. ferent variables, section four uses multiple regression, and section five uses canonical correlation.
Section 1: PCA using the four divisions of phytoplankton (diatoms, dinoflagellates, coccolithophorids, and other algae) -PCA was performed on the combined abundance data from both years (93 observations). The first two principal components explain 76.4% of the total variation. The first principal component has high loadings for diatoms and for coccolithophorids, which means that most of the variability between the samples is explained by variations in the number of cells in these groups. The second principal component has high values for dinoflagellates and other algae.
The principal component scores are calculated for each of the observations with the following equations: PRIN 1 = (diatom eigenvector 1) (standardized diatom abundance) + (dinoflagellate eigenvector 1) (standardized dinoflagellate abundance) + (coccolithophorid eigenvector 1) (standardized coccolithophorid abundance) + (other algae eigenvector 1) (standardized other algae abundance); PRIN 2 = (diatom eigenvector 2) (standardized diatom abundance) + . . . ; and so on for the remaining two principal components (number of variables = number of principal components generated). The standardized abundance for each of the four major phytoplankton groups is found by subtracting the mean group abundance from the observed abundance and dividing by the standard deviation. These principal components are plotted in None of the surface samples from these two stations is mixed with any of the other stations. Otherwise, no major differences between the 2 years were seen, indicating that, in general, there was a similar "balance" of the major phytoplankton groups in the two rings. When log abundance data were used in a PCA, the same patterns appeared as when nonlog-transformed data were used, but the clusters were not as distinct.
We also performed PCA on abundance and log-abundance data for each year independently (not shown), using the same four variables. In the 198 1 analysis, samples from 2 October formed a group, samples from 23 September and 26 September A.M. formed another group, and samples from 26 September P.M. and 27 September (ring edge) formed the third group. The clusters separated due to the large numbers of diatoms and coccolithophorids at the station on 2 October and the large numbers of dinoflagellates and other algae at the stations on 26 September P.M. and 27 September. From the PCA for the newly formed WCR 82-H only two groups were apparent. The Slope Water station (6 October) had high numbers of dinoflagellates and was similar in this respect to the ring edge station of the previous year. The two stations taken at the center after the ring pinched off from the Gulf Stream (7 and 14 October) formed the other cluster and had relatively few dinoflagellates. In the fall, the ring edge and ring exterior may be more favorable areas for dinoflagellate growth than ring center.
Throughout the analyses above, it is apparent that the deepest samples consistently form a group: samples at 1 .O, 0.3, and 0.1% of surface incident light are close to each other in species space (Fig. 1B) . We see no similar relationship for other depths, indicating a fairly homogeneous deep layer (below 60 m) as far as overall phytoplankton composition and abundance. Such a pattern in the deep samples could result from uniformly small cell numbers for all taxa due to the low light levels.
Section 2: PCA using the 15 most abundant species-To investigate the effect of individual species on clustering patterns, we determined the 15 most abundant taxa (denoted by an asterisk in Table 1 ) and again performed PCA using these 15 variables. The results were then compared to the analysis above, in which only the four broad categories (diatoms, dinoflagellates, coccolithophorids, and other algae) were used. Now, the first three components explained 53% of the total variation, although the first one alone explained 22%. The first principal component gave high loadings to three taxa of dinoflagellates and one coccolithophorid [Gymnodiniaceae; Prorocentrum minimum (Pavillard) Schiller; a small, possibly undescribed, lightly thecate dinoflagellate; and Calcidiscus leptoporus]. The Slope Water station on 6 October (1982) had high scores on this axis, suggesting that these four taxa were abundant there. The second principal component gave high loadings to other flagellates, pennate diatoms, and the coccolithophorids Emiliania huxleyi (Lohmann) Hay and Gephyrocapsa oceanica Kamptner, which were abundant at the center of WCR 8 1-D on 2 October ( 198 1). These are the only two station groups well identified from the plots of the first three principal components. The other stations showed an intermingling of samples, much like the analysis in section 1. Again,
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' i -I + I 3 i P Fig. 2 . Principal component analysis on the pooled presence or absence data from both rings, using the most frequently observed phytoplankton taxa as variables. Plot of first and second principal components. The lines enclose clusters of species as determined by an average linkage clustering routine. Table 1 lists the taxa included in each cluster. Symbols represent taxonomic groups: B-diatoms; D-dinoflagellates; P-coccolithophorids; X-cryptophytes (Leucocryptus); H-other prymnesiophytes (Phaeocystis); Y-chrysophytes (Dictyocha); Fother undetermined flagellates; Z-cyanophytes and small coccoid unicells; U-other undetermined cells.
the same cluster of depths was observed, i.e. sample space, rather than vice versa. Table  deepest samples grouped together. 1 shows the species used. When presence or absence data were used with the 15 most abundant taxa as variables, samples from all the stations mixed together, indicating no major differences in the major taxa from station to station or from ring to ring. Section 3: PCA using the most frequently observed species -In this analysis, we first determined the most frequently observed taxa in the pooled data from both rings, using the criterion that the taxon must be present in at least 10% of the samples; this criterion reduced the total number of taxa to 100. In an attempt to identify species cooccurrences, we then transposed the presence or absence data matrix so that the individual samples became the variables and the species became the observations and performed a PCA on this transposed matrix (inverse analysis). In other words, transposing the matrix yields species plotted in The values for the first three principal components, which represent 42.5% of the total variability, are shown in Table 1 A hierarchical cluster analysis using an average linkage technique was performed on the values of the first three principal components. The clusters determined with this technique are presented in Table 1 and encircled in Fig. 2 . The clusters may not be totally apparent from Fig. 2 , since only two of the three dimensions used in the clustering procedure are shown on the plot. Three groups were consistently found from the principal component analyses and cluster analyses, whether performed on each year separately or on the pooled data from both rings. Cluster No. 6 is a large group of fre- Table 1 . Principal component analysis on the pooled data from both rings, using the most frequently observed phytoplankton taxa (present in at least 10% of the samples = 100 taxa) as variables. Values of the first three principal components. Cluster numbers correspond to the clusters in Fig. 2 We performed inverse analysis and cluster analysis including the same species, but with number of cells per liter in place of presence or absence data to show which species covaried in abundance. The most abundant (bloom species) and most frequent species (maintainers) are outliers; these are the species that formed the second group in the previous procedure using presence or absence data. Also in this group of outliers are Anthosphaera oryza (Schlauder) Gaarder and Oscillatoria filaments (abundant in a few observations but not one of the most frequent taxa). Other groups formed in this analysis are C. Zeptoporus (Murray and Blackman) Loeblich and the small, lightly thecate dinoflagellate mentioned above; Nitzschia pseudodelicatissima Hasle and coccoid (single cell); Gephyrocasa ericsonii? McIntyre and Be and Oxytoxum variabile Schiller; Bacteriastrum elongatum Cleve, Hemiaulus hauckii Grunow, Rhizosolenia fragilissima Bergon, Rhizosolenia stolterfothii Peragallo, Nitzschia bicapitata Cleve, and Discosphaera tubifera (Murray and Blackman) Ostenfeld; F. profunda Okada and Honjo and T. flubellata Halldal and Markali (the cluster of the two deep species found when presence or absence data were used); and all the rest of the species. Section 4: Multiple linear regressionMultiple linear regression was performed with the log-transformed phytoplankton group abundances as dependent variables and the environmental properties as independent variables. If the relationship between the phytoplankton abundance and environmental variables would be better described by a nonlinear model, which seems plausible considering the deep light limitation and the probable surface nutrient limitation of our samples, then the strength of the real association will be underestimated by our linear model. Table 2 shows the multiple linear regression coefficients and the P values from this analysis. Log transformations were used because they gave an increase of the coefficient of multiple determination (R2) over the R2 when data of cells per liter were used and log transformations reduce the effect of extreme values. Residuals (x -2) were plotted against the predicted values to check the aptness of the model, and the only group that showed heteroscedasticity (nonconstant variance of errors) was the diatoms. This indicates that, in general, the data are represented fairly well by a linear model. The coefficient of simple determination between NO3 -and temperature is -0.670 and the simple correlation between N03-and dissolved silica is 0.865. To avoid multicollinearity problems, we excluded N03-from the analysis.
Even with the log-transformed data the R2 was not very large for diatoms, coccoliFor the other algae, the temperature thophorids, and other algae, so we per-regression coefficient is positive and that for formed another linear regression analysis salinity is negative; both are significant when using only the observations from the ring all observations are used. None of the varicenter; this procedure yielded an increase ables is significant (at the 0.05 level) in the of R2 for diatoms and coccolithophorids.
analysis with only ring center observations. For the diatoms, dissolved silica is the only independent variable of statistical significance in the multiple regression ( Table  2 ). The coefficient is negative with a P value ~0.05 in both analyses (i.e. when all observations are used in the analysis or when just ring center observations are used). The relationship is stronger (higher R2) when just ring center observations are used, however.
For dinoflagellates, temperature has a positive regression coefficient that is significant below the 0.05 level in both analyses. Salinity has a negative coefficient that is significant only in the analysis with all observations. The R2 is larger in this analysis as well.
Section 5: Canonical correlationTo investigate the effects of variable interaction we performed canonical correlation analysis. Table 3 reports the standardized coefficients and canonical correlations together with the corresponding set of canonical variates. The first two coefficients of canonical correlation, 0.74 and 0.54, are statistically significant at the 0.01 level. Table 4 shows the correlations between the canonical variates and the original variables. Table 5 shows the results of the redundancy analysis.
When all observations are used in the regression analysis for the coccolithophorids, three variables have significant coefficients; temperature has a positive coefficient while phosphate and silica have negative ones. When just the observations from ring center are used, only the salinity coefficient is significant, and it is negative. The R2 is slightly larger for this second analysis.
The scores of the canonical variates, Vl and Wl, are calculated in a way similar to the principal component scores, as discussed earlier. For example, the first canonical variate for the set of environmental variables, V 1, is calculated by summing the products of the standardized canonical coefficients (column under Vl, Table 3 ) and the standardized environmental variables. The first pair of canonical coefficients and correlations indicate that large numbers of dinoflagellates and other algae are associated with low salinity. The second set of canon- 
Discussion
We have applied various multivariate statistics to the phytoplankton species abundance data from two warm core rings visited during the fall of consecutive years to determine how variable the phytoplankton flora is from year to year, whether there are distinct phytoplankton species assemblages that characterize specific locations in and around the rings, and whether environmental factors can be correlated with abundance maxima of four broad taxonomic groupings of algae (diatoms, dinoflagellates, coccolithophorids, and other algae). In general, we found that there were not major differences in the composition or the abundance of phytoplankton in the two warm core rings examined, indicating a similar flora in this region during fall 198 1 and 1982. However, sporadic atmospheric events can serve to increase selectively the abundance of certain phytoplankton groups. In both years, diatoms and coccolithophorids (particularly E. huxleyi) responded opportunistically to the additional nutrients pumped into the mixed layer following storms and showed rapid increases in abundance (see Fryxell et al. 1985) . This can explain why the station on 2 October (198 1) was an outlier in many of the analyses. The Slope Water station (6 October 1982) was also observed as a distinct cluster, due principally to the high levels of dinoflagellates and the low levels of diatoms. Stations from the older ring (8 1 -D) were not more similar to the Slope Water station than were stations from the younger ring (see Fig. I ), as might be expected if rings gradually evolve away from a Sargasso Sea flora toward a Slope Water flora (Joyce and Wiebe 1983) .
The PCA of this study and the cluster analyses of Fryxell et al. (1985) show sta- tions from separate rings, i.e. separate years, frequently clustering together before clustering with stations from the same year. The PCA plots show intermingling of stations from both years, not distinct groups based on year, whether the four group totals or the 15 most abundant species are used as variables. Intermingling of stations within one cruise was also apparent when the analyses were run on each year separately, indicating to us that there were not large changes in the flora over the periods examined (several weeks). Once again, however, there are exceptions. The stations on 23 September and 26 September A.M. showed a very similar balance of organisms, but the station in the afternoon on 26 September, which was geographically very close to the morning station that day, had a greater number of dinoflagellates and somewhat lower numbers of diatoms (see Fryxell et al. 1985) . The increase in dinoflagellates was probably too great to be the result of in situ growth, and the physical data did not indicate a major water mass change, so the difference was probably due to small-scale advective patchiness.
deepening increased the nitrate concentration, decreased the temperature, and raised the salinity in the water above the thermocline (see Fryxell et al. 1985) . The higher nutrient levels were exploited by the diatoms and coccolithophorids, with a 15-95-fold increase in diatom numbers in the upper 33 m in that 6-day period. The high velocity region at the edge of the ring (27 September) was warmer and fresher than ring center, and dinoflagellates and other algae were relatively more abundant there.
. Temperature and salinity are plotted against depth in Fig. 3, for 9 of the 11 stations (continuous data not available for 23 September and 26 September A.M., 1981) . WCR 8 1-D showed a 12-m deepening of the mixed layer between 26 September and WCR 82-H also showed a gradual drop in temperature, a slight increase in salinity, and an increase in the mixed-layer depth during the course of the 1982 cruise that was related to a storm on 1 O-l 1 October. However, this forming ring had a warmer mixed layer than the 3-month-old ring 8 1 -D (Fig. 3) . The differences in physical characteristics of the core water of the rings apparently were not reflected in the composition of the phytoplankton at the ring centers, because the PCA and clustering analyses showed intermingling of samples from the 2 years rather than separate and distinct groupings. The gradual changes in the physical structure of the rings as they age (related to horizontal and vertical mixing and atmospheric cooling in the fall) appear to be less significant in affecting the abundances of the major phytoplankton groups on brief time scales than do sporadic, 2 October due to the stormy weather; this short-lived storm and streamer events. Per- H 12  14  16  78  20  22  24  26  28  pc)  12  14  16  18  20  22  24  26  28  I  I  I  I  I  I haps for rings that are separated in age by more than 3 months or for other times of the year larger differences in the phytoplankton composition may be observed. Matta and Marshall ( 1984) found by PCA of phytoplankton data collected over a 9-year period from the shelf region off the northeastern coast of the United States that most of the variability was due to annual in these two Gulf Stream warm core rings. The major components of variability in our data were related to sample depth, geographical location of samples (ring center vs. Slope Water), and to the timing of sporadic mixing events. These mixing events served to increase nutrients in the mixed layer, thereby enabling certain phytoplankton taxa to increase selectively. Although one would expect greater annual fluctuations nearshore in the shelf region where the samples of Matta and Marshall were collected than from farther offshore where rings are located, the size of the data set is also important. As the extent of the data set is increased, larger scaled ecological processes manifest themselves (Allen et al. 1984) . Our results from data collected during two cruises, each about 3 weeks long and in the same season of consecutive years, should reveal smaller scaled trends and processes than the results of Matta and Marshall, whose data set covered 9 years.
In their study of Gulf Stream cold core rings, Ortner et al. (1979) always observed greater average concentrations of phytoplankton in the Slope Water than in either the Northern Sargasso Sea or in the ring samples. Our samples were from 11 stations-nine at ring or meander center, one in the Slope Water, and one at the high velocity region near the ring edge. Interestingly, the integrated phytoplankton abundance (to the 3% light level) at the slope station exceeded only two of the ring stations, further substantiating previous observations of localized biomass maxima at the center of warm core rings (Nelson et al. 198 5; Jeffrey and Hallegraeff 1980) . Ortner et al. (1979) agreed with Hulburt and Corwin (1969) that the phytoplankton could be divided into groups that were responsive or unresponsive to increased nutrients, with diatoms in the former category and coccolithophorids in the latter. They also postulated that the coccolithophorid E.
huxleyi was intermediate in response. Our data tend to corroborate these suggestions. We observed a large increase in abundance of diatoms on 2 October (198 1) following a storm that boosted nutrient levels in the mixed layer. Although several species of coccolithophorids showed a slight increase in numbers at this station, E. huxleyi showed rapid growth with a large increase in cells per liter. Several observations by Mackas and Sefton (1982) seem appropriate at this point.
In comparing the distributions of phytoplankton and zooplankton from four summer surveys of the continental shelf region off southern British Columbia, they noticed the following: the within-type dominance hierarchy of individual phytoplankton species is highly labile in both time and space; phytoplankton assemblages consist of broad groupings of species that share similar environmental requirements, and these groupings correspond to the higher level taxonomic categories; individual phytoplankton species are more cosmopolitan than zooplankton-the ranges are more extensive, and the distributional boundaries indistinct.
For the most part, in our data the variability between the 2 years was not due to changes in the species composition of the dominant taxa, but more to a change in the rank order of abundance of the same taxa. This agrees with the first proposition in the paragraph above, that while the species composition at a certain geographical location may not change greatly, the dominance hierarchy is not stable.
It is evident from Table 1 that our observations did not totally support the second observation of Mackas and Sefton that the phytoplankton groupings correspond to higher taxonomic divisions. Although our cluster No. 6 was composed predominantly of diatoms, the other groups contained a mixture of diatoms, coccolithophorids, dinoflagellates, and other algae. Allen and Koonce (1973) used multivariate statistics to examine phytoplankton survival stratagems over a 12-month period in a freshwater lake and suggested that the major taxonomic divisions have ecological integrity by some criteria but not by others. During our two cruises (17 September-7 October 198 1 = 2 1 days; 24 September-l 7 October 1982 = 24 days) to the warm core rings analyzed here, we frequently experienced strong winds which could mix the water column and obscure co-occurrences of species. Over a longer period, more stable and distinct species groupings might become apparent, or alternatively, it may be that the species groupings in the ocean are actually random and highly variable (Williams et al. 198 1) .
We obtained the species groupings shown in Table 1 and Fig. 2 by running a PCA on the transposed data matrix (inverse analysis) with a subsequent cluster analysis on the first three principal component scores. Figure 2 shows a gradual change along the axes, with overlap of ranges. This pattern may be due to a number of factors including vertical mixing from storms as mentioned above and lateral mixing of the surrounding water into the ring by the Slope Water overwash or Gulf Stream interaction, or the community composition may show only gradual changes over the length scales examined. Allen et al. (1984) pointed out that the type of data transformation and the scales of observation and analysis are critical factors to consider when interpreting the' results of ordination procedures. A data set frequently contains more than one scale of information, and one must be cognizant of this when applying analytical techniques to help discern patterns in the data. Any single procedure cannot examine information at all scales simultaneously; one reason for applying transformations of different types is to scale the data appropriately to observe the process or processes of interest.
Analyses using presence or absence data generally reveal coarse-and medium-grain structure (Allen et al. 1984) ; such analyses thereby allowed us to assess whether the two rings sustained similar floras at a gross compositional level. Using presence or absence data with the 15 most abundant species as variables, we observed an intermingling of samples from different stations within the same ring when each year was analyzed separately or an intermingling of stations from different rings when the 2 years were analyzed together. This suggests that the background flora of abundant taxa changed little during either of the two cruises and that the two rings had similar phytoplankton assemblages, even though they were sampled in different years and separated in age by 3 months.
By using abundance data we observed that the rings not only had similar species compositions, but that the abundances were generally similar as well. Certain stations exhibited differences, however. The ring center station on 2 October 198 1 had large numbers of diatoms and coccolithophorids, while the Slope Water station on 6 October 1982 had large numbers of dinoflagellates. Principal component analyses using abundance data yielded similar results to those using log-transformed abundance data, but the clusters from the latter technique were not as distinct. The inclusion of only abundant or frequently observed species in the ordination procedure permits assessment of smaller scale phenomena, such as the uniqueness of individual samples or stations. This allows us to focus on the processes which might be controlling the observed distributions.
The study of Allen et al. (1984) indicates that sample date (station) ordinations are less sensitive to changes in the scale of analysis than are species ordinations, suggesting that the sample data structures are more stable than the species data structures. This makes sense intuitively if one considers that the observation of a species in a sample depends not only on whether that species is actually present but also on its abundance. Although we feel that the time-dependent species relationships are very complex, we also feel that inverse analysis is a useful technique for describing species groups. The groupings may be fortuitous or spurious in some cases due to the aforementioned instability, but the use of presence or absence data in our inverse analysis and the consistent patterns might suggest coarse-grain associations and hypotheses which can be examined and tested in greater detail.
The inverse analysis was coupled to an average linkage cluster analysis to reduce the subjectivity of the species groupings (Fig.  2, Table 1 ). By listing the abundances of these groups by station and depth and by examining the correlations between the species groups and the environmental variables, we obtained an indication of the depth distribution and geographical "preference" (location of most frequent citings or greatest abundances) of many of the taxa. Distributional boundaries may not be distinct, but they do exist. For example: group No. 1 was not observed at the slope station and maximum abundances were deeper than 45 m; group No. 2 consists of broad taxonomic categories; the taxa were cosmopolitan and seen at all stations in surface and deep samples; group No. 4 was observed both years and in the Slope Water, with maximum cells per liter at the surface, and was positively correlated with temperature; group No. 6 was most abundant and most common in the older ring (8 1-D) at the center; group No. 7 had most occurrences in the meander/ ring, but was also observed in the surface samples at the slope station and was positively correlated with temperature; group No. 8 was observed at all stations; group No. 10 showed most occurrences at the slope and ring edge stations; group No. 11 was not seen above 60 m, and intact cells were observed as deep as 130 m; this group was positively correlated with salinity, depth, and nitrate and negatively correlated with temperature.
The ability of group No. 6 (mostly large diatoms) to thrive at ring center may be related to a storm-induced upwelling of nutrients into the mixed layer. Another process proposed by Nelson et al. (1984) could also result in a concentration of diatoms at ring center and would operate over longer periods. The relaxation of the downwarddomed thermocline could generate upwelling velocities of 0.5-l. 5 m d-l and provide a significant source of nitrate, phosphate, and silicic acid to the euphotic zone phytoplankton. Biomass accumulations, of diatoms in particular, have been observed at the center of older rings, in agreement with this hypothesis (Nelson et al. 1985; Jeffrey and Hallegraeff 1980) . We used three techniques to assess whether the major phytoplankton groups (diatoms, coccolithophorids, dinoflagellates, and other algae) were correlated with the environmental variables. Because the simple correlations and multiple regression analyses (Table 2 ) support the conclusions of the canonical correlation analysis (Tables 3, 4 , and 5), our discussion will center on the last method. Based on the F-tests in Table 3 , the first two canonical correlations between the canonical variates V and W, 0.74 and 0.54, are significant with P values ~0.01. The squared canonical correlations, 0.5 5 and 0.28, express the proportion of variance of one of the variates that can be accounted for or predicted by the other variate. A low R2 indicates a weak relationship between the variates, but can also arise from a low v: s ratio as discussed earlier. The correlations between the original variables and canonical variates (Table 4 ) are more stable under the addition or deletion of variables and in replicate samples from the same population, so that these correlations are generally more useful than the canonical correlations between the two variates.
Inter-set correlations between the original variables and the canonical variates indicate that low salinity is associated with greater abundances of dinoflagellates and other algae (Table 4) . Also, higher temperatures and lower concentrations of dissolved silica are correlated with greater diatom and coccolithophorid abundances. The canonical variate for the set of phytoplankton variables generally accounts for more of its group variance than does the canonical variate for the nutrient group for its withingroup variance (extracted variance, Table  4 ).
Between-set squared correlations are not high. Table 4 indicates that very little of the variance of any of the nutrient variables can be accounted for by the canonical variates of the phytoplankton group, i.e. the abundances of the phytoplankton groups are not good predictors of the nutrient status of the water. The maximum between-set squared correlation is only 26.2% for salinity by W 1. The R2 values are somewhat higher for the phytoplankton group, with maxima of 46.5% of the dinoflagellate variance explained by V 1, and 27.5% for coccolithophorids by V2. Redundancy analysis (Table 5) further substantiates the view that there is little predictive power in the relationships derived from the canonical analysis, with a cumulative proportion of 18.0% of the variance of the nutrients explained by the first two phytoplankton variates and 32.2% of the phytoplankton variance explained by the first two nutrient canonical variates. Since the canonical variates do not account for much of the between-set variance, the relationships are best used as a descriptive tool rather than as-a predictive one in warm core rings. Sullivan (1982) used a canonical analysis to relate edaphic diatom distributions-to environmental factors. The redundancy in the species data in that analysis and in three studies cited by Sullivan ranged from 23-3 l%, similar to our value of 32%. In summary, we have used various multivariate statistics and scaling techniques to help us understand the distributional patterns of phytoplankton and the relationships between these patterns and environmental variables in two warm core rings. The two rings, sampled in the fall of consecutive years but separated in age by almost 3 months, showed similar phytoplankton floras, in species composition as well as cell abundance. However, through the use of inverse analysis coupled with correlation analysis, we determined the geographical and depth preferences of certain species groups. From the canonical analysis, it appears that low values of salinity are reflected in large abundances of dinoflagellates and other algae, and high temperature and low concentrations of dissolved silica are correlated with increased numbers of diatoms and coccolithophorids.
This relationship suggests that certain dinoflagellates and other algae were more abundant in the low salinity Slope Water surrounding the ring. Streamer and over-wash events may provide a way for these organisms to enter the ring. The large group of diatoms that was common at ring center may be sustained through a combination of relatively rapid storm-induced upwelling of nutrients and a more gradual upwelling of nutrients due to the shoaling of the thermocline as the ring ages.
